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Abstract 
 A single concrete pile embedded in various types of soil subjected to simple harmonic dynamic load is 
numerically analysed and studied. The soil type, the diameter of pile, the pile head projection above the ground level 
and the mass at pile head are varied and analysed. The influence of soil structure interaction on the structural 
behaviour of pile is investigated. The finite element software specialized in soil structure interaction analysis; 
PLAXIS-3D is used for the present study. Two different types of dimensionless design curves are plotted and 
studied, The frequency ratio Vs the stiffness ratio curves for different slenderness ratio and the frequency ratio Vs 
the stiffness ratio curves for different mass ratio. 
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1. Introduction 
 Pile foundations are recommended when the structural loads are very high or where the soil at shallow 
depths is unable to carry the loads from the structure. Soil-pile system is observed to exhibit nonlinear response 
under dynamic loading conditions. Dynamic loads come from machines, traffic, ocean waves, earthquakes etc. The 
problem of soil-structure interaction in dynamic analysis of structures become important, since under certain 
circumstances the structures are to be built in unfavorable geotechnical conditions in seismically active regions.  
 
 Complexity of the seismic soil-structure interaction problems and unavailabilityof standard and validated 
analysis techniques routinely results in ignoring or greatlysimplifying the influence of the foundation for the 
structural design [1]. The present study focuses on the structural behaviour of a single pile subjected to dynamic 
loading, embedded in different types of soil. The nonlinearinteraction between the superstructure and the 
substructure is incorporated in the model created for the better understanding of the system. 
 
Nomenclature 
D diameter of pile 
Ec modulus of elasticity of concrete 
Es soil modulus    
h height of pile above the ground level 
m mass at pile head 
T Tonne 
SDOF    Single Degree of Freedom 
SHM Simple Harmonic Motion 
SSI        Soil Structure Interaction  
ɤunsat unsaturated unit weight of soil 
ɤsat saturated unit weight of soil     
ɤc density of concrete 
ώ natural frequency of the SDOF system 
ωs fixed base natural frequency of the pile 
Vs shear wave velocity of soil 
 
2. Literature review 
 Roberto et al.[2] have studied the non-linear dynamic soil-structure interaction of reinforcedconcrete 
building frames subjected to strong earthquakes using the FEM. The numerical results show that the design of RC 
structuresbased on the recommendations of seismic codes is extremely conservative. The dynamic response of the 
soil is different when a building surcharge is present on it, though there may be qualitative similarity between the 
two. Based on the comparison of the numerical results it is concluded that the proposed numericalmodel is a 
powerful tool to quantify the influence of soil-structure interaction on the response of buildingsduring strong 
earthquakes.Naemehet al.[3] presents the findings of numerical studies based on the finite difference method for 
assessment of single pile behavior under simple dynamic lateral loads. The results show that the magnitude of load 
and length to diameter ratio of pile have significant effect on pile response under harmonic lateral loads; 
displacement of the pile head increases, with increase in load magnitude and decrease in length to diameter ratio of 
pile. Guanglinget al.[4] have evaluated the effect of the soil-structure interaction (SSI) on the dynamic performance 
of wind turbinesystem. A finite element model taking the foundation and surrounding soil into consideration is also 
created. Comparative studies have been performed on the results of the above analyses and some useful conclusions 
are drawn pertaining to the effectiveness and accuracy of the various models used in this work.According to the 
analysis results, the SSI effect significantly influences the global dynamic performance of the system and should 
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never be neglected.Hokmabadiet al. [5] presents results of shaking table tests and three dimensional numerical 
simulations to investigate theinfluence of Soil-Pile-Structure Interaction (SPSI) on the seismic response of mid-rise 
moment resisting buildings supported by endbearingpile foundations.Hoomanet al.[6] describes a new three 
dimensional Finite Elementmodel utilizing linear elastic single degree of freedom (SDOF) structure and a nonlinear 
elasto-plasticconstitutive model for soil behaviour, in order to capture the nonlinear foundation–soil coupled 
responseunder seismic loadings.Structure–foundation stiffness and aspect ratios werefound to be crucial parameters 
controlling coupled foundation–structure performance in flexible-basestructures. Furthermore, frequency content of 
input motion, site response and structure must be takeninto account to avoid occurrence of resonance 
problem.Aslan[1]conducted experimental investigations on shaking table to model soil-foundation-structuresystem 
and concluded based on the study that, the effects of the soil-pile-structure interaction can alter the dynamic 
characteristics ofthe superstructure. Ignoring the real deformability of the soil-pile system may affectthe predicted 
damage level of structural and non-structural elements during earthquake.Rahul et al. [7] have reviewed the effect of 
the local site conditions on the seismic forces in building.The study shows that the effect of soil–structure interaction 
may play a significant role to increase the seismic base shear of low-rise building frames.Abdelhacineet al.[8] have 
evaluated the effects ofsoil-structure interaction (SSI) on the modal characteristics and onthe dynamic response of 
current structures. The predominant factor in soil-structure interaction and itsincrease would definitely reduce the 
deformation in the concrete structures. On the other hand, increasing the period of the underlyingsoil will cause an 
increase in the lateral displacements at different levelsand create irregularity in the distribution of shear. 
Possibleresonance between the frequency content of the input motion and soilcould also play an important role in 
increasing the structuralresponse. 
 
3. Significance of the problem 
To ensure safety of a structure susceptible to earthquakes, it is important to ascertain the subsoil condition 
and the bearing of the soil structure relationship on the seismic behaviour of structures.A study of the recent 
earthquakes has indicated that understanding the relationship between the period of vibration of the structure and the 
period of vibration of the supporting soil is profoundly important for determining the seismic response of the 
structure.  Owing to the lack of reliable data on the wide range of soil and soil structure problems encountered in 
earthquake engineering, codes of practice offer little guidance on seismic foundation design [9]. Dynamic soil 
structure interaction analysis is critical in massive structures founded in weak soil. If the structure is very massive 
and stiff, and the foundation is relatively soft, the motion at the base of the structure may be significantly different 
than the free field surface motion.In order to evaluate the seismic response of a structure at a given site, the dynamic 
properties of the combined soil structure system must be examined.Most design calculations are usually made for a 
single pile andthe results are used to account for group action and hence understanding the behaviour of a single pile 
is important [3]. 
 
4. Description of the present study 
 Numerical analysis of the present problem was performed using the finite element software PLAXIS-3D. 
Assuming elasto-plastic behaviour of soil, Mohr-Coulomb soil model was adopted to model the soil characteristics 
in which the soil has a linear elastic relationship until failure and plastic deformation beyond that. The pile was 
modelled as an embedded pile which includes the pile model with the interface element.A linear skin resistance was 
applied at the pile soil interface. In PLAXIS-3D,the pile was modelled as embedded pile which is a three node beam 
element with an interface and soil as a 10 node tetrahedron element. A medium meshing was adopted and it creates 
around 30000 soil elements. A mesh refinement of ‘very fine’ was also tried. Even though the execution time was 
more the results were almost same when compared with that of medium mesh refinement. Hence a medium mesh 
refinement is adopted for the present study. Standard fixities were adopted at the boundary which fixes the bottom in 
all directions and the vertical sides in horizontal directions.  
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ɤunsat 17 kN/m3 
ɤsat 18 kN/m3 
Es 1000 – 200000 kN/m2 
 
   Table 2.  Material properties of pile 
Properties Pile 
Model Embedded Pile 
Type Massive circular pile 
ɤc 25kN/m3 
Ec 30000000 kN/m2 
 
 
 A soil volume of 50m X 50m X 100m was created with a pile having 50m embedment length and was 
dynamically analysed for a SHM. The natural frequency and dynamic response of the structure was found out by 
varying the following parameters. The shear wave velocity of the soil was varied by varying the young’s modulus of 
soil to represent the very soft soil to rock. The analysis consisted of four phases, including the initial phase, 
excavation phase, construction phase and loading phase. The soil volume was introduced in the initial phase. The 
soil volume below the pile head upto the ground level was deactivated in the excavation phase. The pile and the pile 
cap were modelled and activated in the construction phase. The self-weight of the structural elements were 
considered in the analysis during the construction phase. The excitation force was applied in the loading phase. 
 
  Table 3. Parameters analysed 
Parameter variation adopted for parametric study 
Es 1000kN/m2, 10000 kN/m2, 50000 kN/m2, 200000 kN/m2 
D 1 m, 1.3 m, 1.5 m 
h 3 m, 6 m, 9 m 
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5. Structural behaviour of soil-pile system 
 The structural behaviour of soil pile system was studied by analyzing the results of the parametric study. 
Considering different parameters as mentioned in Table 3, all together 144 analyses were conducted for the 
parametric study. Analyses were repeated for different sets of soil modulus, pile head projection, pile diameter and 
mass at pile top by changing only one parameter at a time and keeping all other parameters constant. The typical 
results are discussed herein corresponding to the variation of each parameter. 
5.1. Influence of pile diameter 
 The pile diameters adopted for the study were 1 m, 1.3 m and 1.5 m. It can be observed from Fig.2 that an 
increase in pile diameter causes a decrease in pile head displacement. Such behaviour is due to the increase in the 


















Fig.2. Variation of pile head displacement with variation in diameter of pile 















   


























Es = 1000 kN/m2, h= 3 m, m = 2 T
D = 1 m
D = 1.3 m
























Es = 1000 kN/m2, D = 1.5 m, m = 2 T
h = 3 m
h = 6 m
h = 9 m
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 Pile head projection above the ground level was varied from 3 m, 6 m and 9 m. It can be observed in Fig. 3 
that as the pile head projection increases the pile head displacement also increases. It can be concluded that an 
increase in the unsupported length causes an increase in the pile head displacement.  
5.3. Influence of  mass at the pile top on the structural response 
 The mass at the pile head was varied from 2T, 4T, 6T and 12 T. It can be observed from Fig. 4 that increase 
in the mass at the pile head causes a decrease in the pile head displacement. This behaviour is due to the increase in 

















   
 
Fig.4.Variation of pile head displacement with variation in mass at the pile top 

















Fig. 5. Variation of pile head displacement with variation in soil modulus 
 Soil modulus was varied from very soft consistency (1000 kN/m2) to rock (200000 kN/m2). It can be 
observed from Fig. 5 that soil-pile system with higher values of soil modulus (rock) was found to produce less 
























D = 1.5 m, h = 3 m, m = 2 T
Es = 200000 kN/m2
Es = 50000 kN/m2
Es = 10000 kN/m2
Es = 1000 kN/m2
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from Fig. 5 that in soft soil, excitation reaches the pile top slowly compared to rock. It is due to the fact that shear 
wave velocity is proportional to the soil modulus [10]. Hence in a soft soil profile the exciting force travel slowly 
and hence pile head displacement initiates only at later time compared to a rock profile.  
6. Analysis of Interaction Among Parameters 
 The parameters investigated in the present study are pile diameter (D), pile head projection above the 
ground level (h), mass at the pile top (m) and the soil modulus (Es). To analyse the interaction among the 
parameters, the dimensionless quantities such as frequency ratio (ώ/ωs), stiffness ratio (ratio of stiffness of the 
structure to that of the soil, ωsh/Vs), slenderness ratio (h/D) and mass ratio (m/ɤsatD3) are calculated and the curves 
were plotted as suggested by Wolf [11]. 
 
Fig.6.  Frequency ratio Vs stiffness ratio curve for different slenderness ratio 
 
 
Fig.7. Frequency ratio Vs stiffness ratio curve for different mass ratio 
 
Frequency ratio can be considered as an indicator of the soil pile interaction since it is the ratio of the 
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natural frequency of the soil pile system to that of pile alone which is fixed at the base. Hence the behaviour of the 
soil pile interaction with different soil properties, represented by stiffness ratio can be studied by examining the Fig. 
6 and 7 for different slenderness ratio and mass ratio respectively. 
 It can be observed from the figures that as the slenderness ratio increases the frequency ratio decreases in 
general. The stiffness ratio which is inversely proportional to the shear wave velocity of the soil increases as the soil 
modulus decreases. A similar trend can be observed for any slenderness ratio and mass ratio of the system studied. 
Hence it was observed that as the soil becomes softer the natural frequency of the system comes down and there is a 
possibility of resonance with the excitation force. 
7. Conclusion 
 A SDOF system embedded in soil subjected to harmonic loading applied at a depth within the soil mass has 
been investigated. The analysis was conducted by varying the diameter of the pile, pile head projection, mass at pile 
head and the soil modulus. Thestudy leads to the following conclusions, 
x Displacement of the pile head can be decreased by increasing the pile diameter, decreasing the pile head 
projectionor by increasing the mass at the pile head. 
x The stiffer soil can again decrease the displacement at the pile head. 
x As expected the excitation travels faster in a stiffer soil and in a softer soil it reaches the pile head only 
at a later time. 
x Dynamic response of soil structure interaction can be effectively characterized by frequency ratio and 
stiffness ratio. Special care on the above parameters should be given when a stiff structure is founded 
on a soft flexible soil. 
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